Abstract: Impacts of scallop dredges and their efficiency were examined experimentally in three areas with different soft substrates in Port Phillip Bay, southeastern Australia. Physical and biological changes were measured on large (600 × 600 m) experimental plots that were dredged with an intensity and duration similar to normal fishing operations. Dredges were most efficient on soft, flat, muddy sediments (51-56% of commercial-sized scallops caught) and least efficient on firm, sandy sediments with more topographic variation (38-44%). Dredging flattened all plots, but changes to topography were most apparent on plots dominated initially by callianassid mounds. Dredges caught predominantly the scallop Pecten fumatus, and damage to bycatch species was slight, except for high mortality rates (>50%) of spider crabs and the probable mortality of many discarded ascidians. Changes to benthic community structure caused by scallop dredging were small compared with differences between study areas, and even marked reductions in the size and longevity of scallops over the last two decades may not be due entirely to dredging. The recent cancellation of all scallop dredging licences offers a unique opportunity to determine the contribution of scallop dredging to ecological changes in the bay over the past 30 years.
Introduction
attention on a range of potential impacts of shellfish dredg ing (reviewed by Messieh et al. 1991; Jones 1992; Despite the long history of concern about the effects of and Parry 1996) but particularly on the need to more ade dragging fishing gear along the seafloor (De Groot 1984) , quately assess biological impacts. These impacts are diffi few impacts of dredging and trawling have been well docu cult to investigate because of the complexity of biological mented. Previous studies of these fishing impacts indicate communities and our limited knowledge of their natural that physical effects depend on the softness of sediments and variability (Messieh et al. 1991) . Biological impact studies the weight of gear (Caddy 1973) , while biological effects are also usually costly (Gislason 1994) , and because they depend on the vulnerability of the communities present and, require closure of commercial fishing grounds to create un particularly, on the amount of epibiota in the area being fished areas, they are frequently opposed by the fishing infished (Bradstock and Gordon 1983; De Groot 1984 ; Peter dustry. These difficulties have caused compromises in the son et al. 1987; Van Dolah et al. 1987; Sainsbury 1988; Col- design of most studies. Comparisons of areas with histori lie et al. 1997). Increased environmental awareness has focused cally different intensities of fishing have been made (Gra ham 1955; BEON 1992; Collie et al. 1997 ), but in these •, Low-diversity sands; D, high-diversity sands; ., intermediate sediments; 6, central muds. Stippled symbols are seagrass communities. The location of dredge plots (0) at each study area and the main scallop grounds (shaded) are shown.
(a) (b) . .
ery commenced in 1963 and catches and dredging intensity increased dramatically until the fishery collapsed in 1968 (Gwyther and McShane 1988) . The intensity of dredging in the 1990's was lower than in the early years of the fishery, but 84 vessels were still licensed to dredge for scallops in Port Phillip Bay in 1996. All but the shallowest regions of the bay have been dredged, but with varying intensities. Scallop dredging occurred mostly in depths between 10 and 20 m (Fig. 1a ) and was illegal in areas shallower than 10 m in the east and 5 m in the west of the bay after 1985. In 1997, after this study was completed, all scallop licences were cancelled because of public concern about the environ mental effects of scallop dredging. This study was designed to assess short-term impacts of dredging in different areas, rather than the cumulative eco logical effects of 30 years of scallop dredging. Three large areas of Port Phillip Bay were closed to all scallop dredging throughout 1991 (Fig. 1a) . In each closed area, a large ex perimental plot was dredged by commercial fishers with an intensity that was typical of either heavy or very heavy dredging, based on historical levels of dredging in the bay. Dredging-related changes to epifauna in all three areas and infauna in one area were examined using a BACI (before, after, control, impact) experimental design (Stewart-Oaten et al. 1986 ). The expense of this large-scale experiment meant that in the other two areas, dredging-related changes to infauna were assessed using only uncontrolled BAI comparisons. Related studies assessed the duration of impacts on infauna (Currie and Parry 1996) , effects on fish communities (G.D. Parry and D.R. Currie, in preparation), and the extent of sediment disturbance by dredging Parry 1994, 1999) .
In addition to investigating environmental impacts, the ef ficiency of dredges used to collect scallops in Port Phillip Bay and the damage they caused to the catch were also mea sured in each study area. These studies were considered im portant because inefficient dredges may cause more damage, as they must be dragged over larger areas. Previous studies had suggested that the dredges used in Port Phillip Bay were very inefficient (12%) and could cause massive damage to nonharvested scallops (McLoughlin et al. 1991) .
Methods

Study design
Throughout 1991, three large areas (30-40 km 2 ) in Port Phillip Bay near Dromana, Portarlington, and St. Leonards were closed to all scallop dredging (Fig. 1a) . Closed areas were policed effec tively by fisheries enforcement officers, visited frequently in the course of this research, and strongly supported by the scallop in dustry. We are confident that no illegal scallop dredging occurred in any closed area. Areas were chosen to represent a wide range of sediment types in the 10-20 m depth zone where most commercial scallop fishing occurred (Fig. 1b) . The sediments varied from me dium sand (sensu Friedman and Sanders 1978, phi = 2) at Dro mana to fine sand (phi = 3-4) at St. Leonards and coarse silt (phi = 5-6, excluding the considerable amount of coarse shell material present) at Portarlington (Rosenbaum et al. 1992; Black and Parry 1994; Greilach et al. 1995) .
Two 600 × 600 m experimental plots were located in each closed area. At St. Leonards, plots were adjacent in a depth of 12- 209  173  160  195  178  183  147  191  121 15 m, while at Dromana and Portarlington, they were 600 m apart in 14-16 and 13-15 m of water, respectively. In each closed area, one of the experimental plots was left undredged ("control" plot), whereas the remaining plot was dredged ("dredge" plot). The large size of the plots enabled changes to fish populations within the plots to be monitored using a large trawl net (G.D. Parry and D.R. Currie, unpublished) . However, the large size of the plots made replication of control plots (Hulbert 1987; Underwood 1991) pro hibitively expensive in all experiments and limited the use of con trol plots to studies of changes in the abundance of large epifauna and of infauna within the St. Leonards area (Currie and Parry 1996) . Dredge plots were dredged to closely duplicate normal fishing practices, as described in Currie and Parry (1996) . Plots were dredged over 2-4 days (Table 1) by a fleet of five to seven com mercial scallop vessels using 3-m-wide "Peninsula" dredges (see diagram in Hughes 1973) fitted with scraper or cutter bars that did not extend below the level of the skids. Dredging was conducted for a maximum of 3 h/day and coincided with periods in which tidal currents carried dredging-related sediment away from the control plots. Sediment traps (Black and Parry 1994 ) placed downcurrent and in the centre and on the southern edge of the control plot at St. Leonards confirmed that negligible sedimentation oc curred on the control plot, while sedimentation was greatly ele vated downcurrent. At St. Leonards and Dromana, dredge plots were dredged until they had, on average, been passed over twice by a scallop dredge (2× intensity). The dredge plot at Portarlington was dredged twice with an interval of 3 weeks between dredgings of equal (2×) intensity. A 2× intensity of dredging was consistent with a moderately high fishing intensity, based on historical levels in Port Phillip Bay, and a 4× intensity corresponded to very intense dredging (Currie and Parry 1996) . A lower level of dredging would also have made detection of impacts more difficult, as much of the dredged plot would have remained undredged. Even at the 2× dredging intensity used in this experiment, an estimated 13% of the plot remained undredged (Currie and Parry 1996) .
On each 600-m drag, observers on each vessel recorded the catch of scallops and all bycatch species large enough to be re tained by the 70 × 45 mm dredge mesh. Scallops >70 mm were harvested from the catch, and bycatch was discarded on the plot. The numbers of commercial-sized scallops (>70 mm), small scal lops (<70 mm), and broken scallops were counted separately. When large numbers of small scallops were caught, only a propor tion (0.25 or 0.5) were counted, and when large numbers of oysters were caught the number of fish bins that they filled was recorded. The number of oysters per fish bin was determined subsequently. For oysters and ascidians the number of clumps of live organisms was counted rather than the number of individuals. At Portarling ton the number of damaged ascidians and "severely damaged" spi der crabs was recorded. Severely damaged spider crabs had their carapace damaged or were missing more than two legs and were considered unlikely to survive. Kaiser and Spencer (1995) found that all crabs taken in trawl nets with cracked carapaces or miss ing >50% of their limbs died within 48 h.
To assess visually apparent changes caused by dredging, diveroperated video recordings were taken of the seabed on both plots at St. Leonards 3 months before dredging, 8 days after dredging, 6 months after dredging, and 11 months after dredging. At Dro mana, video recordings were taken on the dredge plot 1 day before dredging and 5 days after dredging. At Portarlington, poor visibil ity made it impossible to take video recordings before dredging, but all plots were recorded 43 days, 50 days, 6 months, and 7 months after dredging.
The depth of bed sediment disturbed by dredges was determined using 32-38 sets of colour-coded steel rings that were inserted 2, 4, 6, and 8 cm into the sediment within each dredge plot before dredging commenced. Rings were also placed on the sediment sur face, except at St. Leonards. Rings in each set were located within a circle -50 cm in diameter and sets were placed -4 m apart (i.e., slightly greater than the width of a dredge) on a line at -45° to the direction of dredging. During the experimental dredging, observers on each vessel identified each ring and were therefore able to de 
Dredge efficiency
A Leslie-DeLury depletion experiment (DeLury 1947; Joll and Penn 1990) was used on each plot to estimate the catch efficiency of dredges for scallops >70 mm. In this method, catch efficiency is estimated from the rate of decline of catch rate compared with the cumulative catch of all vessels (Fig. 2) . If the capture efficiency of a fishing gear remains constant, then a fixed fraction of a closed population will be removed with each use of the gear. For exam ple, if a pond is fished four times and the resulting catches are 135, 90, 60, and 40, then the efficiency of the fishing gear will be 1/3 and the initial population size 405. As a scallop dredge only col lects scallops in a path the width of the dredge (-3 m) and the plot was 600 m wide, the efficiency of the dredge will be 200 (i.e., 600/3) times the rate of the decline of the population measured in on all plots, except during the first 30 min of each day's dredging at Dromana and St. Leonards, catch rates during the first 30 min of each day's dredging were excluded from all estimates of catch effi ciency.
The total scallop population on each plot was estimated from the intercept of each regression in Fig. 2 with the x-axis. At this inter cept the catch rate of all vessels is expected to be zero, so for each vessel the regression of catch rate against cumulative catch should pass through this point. For each vessel the significance of the re duction in sums of squares due to forcing the regression through this point was tested (Steel and Torrie 1960) . On each study plot, there was one vessel (shown in Fig. 2 ) where fitting the regression through the estimated origin significantly increased the sum of squares. Each of these vessels had unexpectedly high catch rates towards the end of each trial and were probably targeting unfished areas near the plot boundaries. Consequently, catch rates for these three vessels were then excluded from a recalculated regression of catch rate versus cumulative catch from which another estimate of dredge efficiency was obtained. Differences between the slopes of these recalculated regressions at Dromana, Portarlington, and St. Leonards were tested using analysis of covariance (Snedecor and Cochran 1967) .
Mortality of ascidians
To estimate the mortality of ascidians discarded from a scallop dredge, 60 clumps of Pyura stolonifera and 60 individuals of Herdmania momus were collected from a scallop dredge on 28 October 1992, maintained in flowing seawater for 6 h, and then placed by divers in three marked rows on the seabed near the Dromana plot at a depth of 13-14 m. These ascidians were observed by divers af ter 7 days and again after 5 weeks and the number of live, dead, and anchored ascidians recorded. Anchored ascidians were those that could not be moved when touched gently by a diver.
Changes in the abundance of large epifauna
Large epifauna was sampled with a 1-m-wide Ockelmann sled towed into the prevailing current for 5 min at 2.2-3.1 kn, except during the preimpact sampling at Portarlington when the sled was inadvertently towed at 3.6-3.8 kn. The duration and the location of the start and finish of each drag were recorded and used to calcu late the towing speed and distance of each tow.
In each area, changes in epifauna were assessed using a BACI design where both the control and dredge plots were sampled be fore and after the experimental dredging. At St. Leonards, epifauna was sampled on three dates before (8 April, 16 May, and 5 July 1991) and on five dates after the experimental dredging (25 July, 9 August, 31 October, and 18 December 1991 and 23 March 1992); on each sampling date, three sled hauls were located randomly on each plot. At Dromana, epifauna was sampled 1 week before (18 August 1991) and twice after the experimental dredging (2 Sep tember 1991 and 1 April 1992); nine sled hauls were taken at ran dom within each plot, except on 1 April 1992 when only six hauls per plot were taken. At Portarlington, epifauna was sampled 1 week before the first dredging (14 November 1991), once in the 3 weeks between dredgings (26 November 1991), and twice in the 4 months after the second dredging (12 December 1991 and 2 April 1992); on each sampling date, six sled hauls were located randomly on each plot.
The numbers of large scallops (>70 mm), small scallops (<70 mm), and heart urchins (Echinocardium cordatum) caught in each 5-min sled haul were used to estimate the catch of each spe cies per 500 m 2 . Differences between the number of individuals per 500 m 2 found on each plot before and after dredging were ex amined using analysis of variance (ANOVA), as outlined in Under wood (1991, table 1c) . In these nested ANOVAs, plot × time interactions were tested against the mean square for the plot × date (time) term. Homogeneity of variance was examined using Coch ran's test and heterogeneity was removed by a log 10 (N + 1) trans formation.
Infauna
The distribution and abundance of infauna on each plot were de termined from replicate 0.1-m 2 Smith-McIntyre grab samples. All animals retained on a 1.0-mm sieve were sorted to the lowest prac tical taxonomic level (generally species) under a dissecting micro scope before being counted.
At St. Leonards, 15 grabs were taken on both the control and dredge plot on three occasions in the 3 months before and on three occasions in the 3.5 months after the experimental dredging, as de scribed in Currie and Parry (1996) . At Dromana, 15 grabs were taken randomly on the dredge plot 8 days before and 2 days after the experimental dredging. At Portarlington, 20 grabs were taken randomly 10 days before the first dredging and 1 day after the sec ond dredging.
Differences in community structure between areas and the effect of dredging on communities in each area were examined using Bray-Curtis (B-C) dissimilarities (Bray and Curtis 1957) and multi dimensional scaling (MDS). The PATN computer package (Belbin 1990 ) was used for the nonmetric MDS ordinations in this study.
There was a pronounced gradient in community structure across both the control and dredge plots at St. Leonards (Currie and Parry 1996) . Consequently the eastern third and the western third of these plots were considered as separate "sites". On each sampling date, only the five most easterly and five most westerly grabs taken on the St. Leonards plots were analysed. On each sampling date, plots at Dromana and Portarlington were also subdivided into three and four sites, respectively.The number of individuals of each spe cies on each site was calculated from the total number of individu als found in the five adjacent grabs that formed the site. Before calculating B-C dissimilarities, double square root transformations were applied to the number of individuals of each species. B-C dis similarity measures calculated for all site × date combinations re sulted in a triangular matrix of dissimilarities that was used to map site × date interrelationships in two dimensions.
At Dromana and Portarlington, changes in density on the dredge plots following dredging were examined for the 10 most abundant species using one-way ANOVA's. A log 10 (N + 1) transformation removed significant heterogeneity. At Portarlington, many species increased in abundance in the 3-week period between the two ex perimental dredgings, probably due to recruitment of juveniles. As recruitment obscured dredging impacts on nonrecruits, the size of all animals collected on these plots was measured and sizefrequency distributions constructed for periods before and after dredging. Total length was measured for all species except for worms, where head width was used. Measurements accurate to 0.1 mm were made using a camera lucida image projected onto a digitising pad. For each species the largest size class potentially in creased by recruitment was estimated and only animals larger than this size (Fig. 3) were included in the ANOVA's. Whilst recruit ment was identified in six species, it could only be recognised in species abundant enough for a recruitment mode to be distin guished from size-frequency distributions.
Statistical significance
Results were considered significant if p < 0.10. This convention was adopted to reduce the likelihood of making a type II error. Failure to detect a real change due to dredging (type II error) was considered as serious a problem as identifying a change due to dredging when none had occurred (type I error) (Cohen 1988; Peterman 1990; Peterson 1993) .
Results
Physical changes to seafloor
At St. Leonards the bedforms were dominated by volcanolike mounds and depressions formed by burrowing callian assid ghost shrimps. Mounds were up to 10 cm high and had an average density of 1.2/m 2 (Currie and Parry 1996) , and depressions frequently contained large scallops. Eight days after dredging, -90% of the seafloor within the dredged plot was very flat, while the remainder appeared undredged. Dredges had a graderlike impact; callianassid mounds were removed and depressions filled, but most callianassids ap peared to have survived (Currie and Parry 1996; cf. Peterson 1977) and mounds were being rebuilt. Parallel tracks from the dredge skids (up to 25 mm deep) were obvious. Small scallops remained plentiful and divers estimated that <5% of Size class (mm) the remaining scallops were dead. One month after dredg ing, the seabed remained flat and dredge tracks could still be distinguished. Six months after dredging, tracks could no longer be seen, and while mounds and depressions had re established, the regions between them remained unusually flat. After 11 months the appearance of the dredged plot could not be distinguished from that of the undredged plot. At Dromana the seabed consisted of sandy sediments con taining some coarse shell. Small parallel sand ripples were evident in parts of the plot, but throughout the plots the bot tom relief was mostly the result of callianassid mounds, but these were smaller than and less abundant than in the plots off St. Leonards. Five days after the experimental dredging, and immediately following a period of storm activity, the seafloor was dominated by small parallel sand ripples. Storms had apparently reworked the sediments into sand ripples, obliterating the predredging bedforms and any signs of tracks from dredge skids. Divers estimated that 20% of the remain ing scallops were dead.
At Portarlington the dredge plot was initially very flat, ex cept for small numbers of callianassid mounds. Mounds were flattened by dredging, and although they became reestab lished, they were still smaller than in adjacent undredged ar eas 7 months later.
The recovery rate of rings was low on all areas (Table 2) , but particularly at Portarlington. The maximum depth of dis turbance was 4 cm at Dromana and Portarlington and 6 cm at St. Leonards (Black and Parry 1994). Table 3 . Regression equations of catch rate against cumulative catch from Leslie-DeLury depletion experiments (Fig. 2) and the initial scallop density and dredge efficiency a, derived from these equations, and dredge efficiency b, estimated after excluding vessels where the intercept on the x-axis for that vessel differed significantly from the overall intercept. 
Dredge efficiency
Dredge efficiencies differed between experimental plots. These differences were of marginal significance: p = 0.07 for analysis of heterogeneity of slopes of regression lines in Fig. 2 . Dredges were most efficient on the soft, muddy, and flat Portarlington plot (51-56%, Table 3 ) and least efficient on the firm, sandy, and moderately flat Dromana plot (38-44%). However, dredge efficiencies during the first 30 min of dredging differed markedly between areas (Fig. 2) . At St. Leonards and Dromana the efficiency of dredging increased during the first 30 min of fishing on each day, and this was particularly marked on the first day (Fig. 2) . In contrast, at Portarlington, dredges always operated at their maximum ef ficiency from the commencement of each day's fishing.
Effect on larger epifauna
Dredge catches
There were clear differences in the bycatch between areas (Table 1) . Oysters (Ostrea angasi), sea squirts (Herdmania momus), giant spider crabs (Leptomithrax gaimardi), whelks (Austrosipho grandis), and hermit crabs were collected most frequently in the sandy sediments at Dromana. In the muddy sediments at Portarlington, sea squirts (Pyura stolonifera and Cnemidocarpa etheridgii), sea cucumbers (Stichopus mollis), biscuit stars (Tosia magnifica), and octopus (Octopus austra lis and Octopus pallidus) were the dominant species of bycatch. At St. Leonards, bycatch included species taken at both Dromana and Portarlington.
Dredges caught mostly scallops. The total number of nonbivalve epibiota (TNBE) caught was typically <5% of the number of commercial-sized scallops caught (Table 1) . The highest percentage of TNBE/scallops >70 mm was 10.6% at Portarlington but occurred only after 4 days of dredging, when most of the scallops had been caught. Catches of scal lops <70 mm were high at all areas, and many oysters were caught at Dromana (Table 1) .
Damage and mortality caused by dredging
Less than 1% of scallops taken in dredges were damaged ( Table 1 ). The percentage of damaged scallops was higher at Dromana (0.75-1.0%) than at Portarlington (0.11-0.38%) and St. Leonards (0.22-0.45%), but it is likely that some damaged scallops were overlooked by observers.
Damaged oysters were not counted, but they were ob served only rarely and their shells are more robust than those of scallops. At Portarlington, slightly more than half the spider crabs (up to 55%, Table 4) were probably killed by dredges, and a similar percentage of the many spider crabs caught at Dromana (Table 1) was also damaged (per sonal observations). The percentage of ascidians damaged at Portarlington (0.2-2.7%, Table 4 ) was low, and while the proportion damaged was probably higher in firmer sediments at Dromana, the number of conspicuously damaged ascid ians was always low.
Although most oysters and ascidians were not physically damaged by dredges, their survival after they are discarded also depends on their orientation on the seafloor and their ability to reanchor themselves in the sediment. Trials to measure survival of ascidians caught by scallop dredges and returned to the sea by divers showed nearly 100% survival of Herdmania momus and Pyura stolonifera in the week fol lowing their return, but storms during the following 5 weeks moved most of the experimental animals out of the study area (Table 5 ) and they could not be relocated. Only 12% of Pyura stolonifera and 2% of Herdmania momus successfully reanchored on our experimental area after 6 weeks. Herdmania momus is more globular in shape than Pyura stolonifera and seems less able to reanchor itself. Fewer than 7% of the experimental ascidians were known to have died, and the proportion that reanchored elsewhere was unknown, but most of them probably died.
Changes to epifauna
The abundance of small (<70 mm) scallops decreased sig nificantly (p < 0.10) by 57% in the 7 months following dredging at Dromana and by 26% in the 5 months following the first dredging at Portarlington, but increased signifi cantly by 19% in the 8 months following dredging at St. Leonards (Table 6 ). At Dromana and Portarlington, both large scallops (>70 mm) and heart urchins decreased in abundance, but these changes were not significant, while at St. Leonards, their abundance increased, but not signifi cantly (Table 6 ).
Infauna
Differences between infaunal communities
An MDS plot (Fig. 4) indicated that all sites sampled at Dromana and Portarlington and the eastern and western sides Note: *p < 0.1. of the St. Leonards plot formed separate clusters. The stress value of 0.127 indicates that the pattern is unlikely to mis lead (Clarke 1993) . The most similar plots were west St. Leonards and Dromana, both of which occurred in sandy sediments (1-24% sediment <63 µm) and both of which had a high diversity of species. The east St. Leonards plot had a lower diversity of species and lower numbers of individuals and was muddier than the west (Currie and Parry 1996) . The Portarlington plot was the muddiest (15-55% sediment <63 �m) and had the lowest diversity of species and the lowest number of individuals. Sites sampled before and after dredging within the same plot did not form separate clusters (Fig. 4) , indicating that changes to community structure caused by dredging were smaller than differences between plots.
Changes to infauna
Three of the 10 most abundant species at Dromana (Bullo wanthura pambula, Chaetozone sp.1, and Nephtys inornata) decreased significantly in abundance by 20-40% (Table 7) . The abundance of Bullowanthura pambula decreased at all areas following dredging, although the significant "decrease" at St. Leonards appeared to be caused by aggregation of this motile paranthurid in undredged regions immediately fol lowing dredging (Currie and Parry 1996) . Chaetozone sp.1 was rare at Portarlington but appeared to decrease by 30-40% at both Dromana and St. Leonards (Table 7) . The de crease in abundance of Nephtys inornata may be greater at Dromana than at St. Leonards (Table 7) .
Two of the 10 most abundant species at Portarlington (Theora lubrica and Natatolana corpulenta) decreased sig nificantly in numerical abundance by 30-70%, although these changes should be interpreted cautiously, as densities of all species at Portarlington were low (Table 7) . Changes to the abundance of Theora lubrica are not considered reliable, as this species has a very patchy distribution (Currie and Parry 1996) . The decrease in the abundance of Natatolana corpu lenta is similar to its sharp decrease immediately following dredging on the St. Leonards plot but contrasts with its ap parent increase on the St. Leonards plot in the months fol lowing dredging (Currie and Parry 1996) 
Discussion
Physical differences between the experimental plots at Dromana, St. Leonards, and Portarlington affect the impact of dredges and their efficiency. Dredging removed most top ographic variation from all plots and caused the most notice able changes at St. Leonards where callianassid mounds were a prominent predredging feature. Recovery of rings and measurements of sediment concentrations behind dredges (Black and Parry 1994) suggest that dredges usually disturb less than the top 1-2 cm of sediment, although they can clearly disturb up to at least 6 cm. Plume modelling suggests that on average, ~0.5 cm of sediment was disturbed in all ar eas (Black and Parry 1999) .
Our estimates of the efficiency of Peninsula dredges in Port Phillip Bay (38-56%, Table 3 ) were similar to other es timates obtained in Port Phillip Bay (42-66%, McShane and Gwyther 1984; 37-50%, Gwyther and Burgess 1986) but were markedly higher than the 12% measured experimen tally in Bass Strait (McLoughlin et al. 1991) . We observed the lowest efficiency on the hardest substrate (Dromana, Ta ble 3) most like the sediments in Bass Strait, but the very low efficiency found by McLoughlin et al. (1991) was prob ably due to the small number of drags (-20) undertaken in their study. We found that dredge efficiencies were markedly lower during the first 30 min (-20 drags) of dredging on both plots with sandy substrates. Higher vessel speeds used in our study (5.5-6.5 versus 2-3 kn) and the use of toothbars only in Bass Strait may also have contributed to differences between the studies.
Increases in dredge efficiency observed during the first 30 min of dredging on two of our three experimental plots appear similar to increases noticed by commercial scallop fishers as they "worked up" scallops. Differences in dredge efficiency between areas and the observation that sediment plumes usually cause scallops to swim suggest an explana tion for this phenomenon. On soft flat substrates (e.g., Port arlington) all scallops are similarly likely to be caught by a passing dredge. In contrast, on substrates with greater topo graphic relief (e.g., Dromana and particularly St. Leonards), most large scallops occur in depressions where they may be passed over by a dredge. However, the sediment plume thrown up by a passing dredge stimulates many scallops to swim and they become more randomly distributed and more vulnerable to dredges that pass subsequently. As dredging continues the substrate is progressively flattened, so fewer scallops remain in depressions deep enough to be passed over by a dredge. The increasing flatness of the plots at Dro mana and St. Leonards on the second and third days of dredging probably caused the progressively higher efficien cies observed at the commencement of dredging on succes sive days (Fig. 2) . Levelling of the previously uneven substrate on the St. Leonards plot was also consistent with postdredging increases in the efficiency of the Ockelmann sled (Table 6 ) and a fish trawl net (G.D. Parry and D.R. Cur rie, in preparation) that occurred only on this plot. The in crease in dredge efficiency from a more rapid increase in turbidity and a more rapid levelling of the substrate when several vessels operate in the same area probably explains why scallop vessels usually operate in groups.
The proportion of scallops damaged by dredging was con sistently low but was highest at Dromana (Table 1) , where the relatively firm sediments probably increased the forces on scallops trapped beneath the passing dredge skids. These firmer sediments may also cause dredges to bounce more, further increasing the likelihood of damage to scallops. Divers also observed the highest percentage (20%) of dead scallops on the Dromana plot after it was dredged, and mortality esti mates of small scallops, based on catches in an Ockelmann sled, were also highest at Dromana (57% in 7 months, Ta ble 6). However, estimates of scallop mortality at Portarling ton and St. Leonards may be unreliable. At Portarlington, all epifaunal abundances were underestimated predredging due to excessive towing speed, whereas at St. Leonards the in creased catches of all species after dredging (Table 6 ) ap pear to be an artefact caused by an increase in the efficiency of the Ockelmann sled after dredging flattened the plot. The proportion of damaged scallops even at Dromana (-5%, Ta ble 1) was much lower than was observed on an intensively fished, very dense bed of scallops in Bass Strait where over 40% of scallops taken in dredges were damaged (McLoughlin et al. 1991) .
Scallop dredges caught mostly scallops (Table 1) because scallops are the dominant epifaunal species in the main scal lop grounds in Port Phillip Bay. The main bycatch species taken in dredges were oysters, ascidians, and, periodically, spider crabs. Survival of discarded epifauna requires further investigation, but mortality rates of oysters were probably low, while those of ascidians were probably high (Table 5) and those of spider crabs were high (>50%, Table 4 ). The ecological consequences of the removal of spider crabs are uncertain, but as their populations remain large, despite be ing dredged for 30 years, their survival cannot be threatened seriously by scallop dredging.
At St. Leonards, infauna was typically reduced in abun dance by 20-30% in the 3.5 months following dredging (Ta ble 7; Currie and Parry 1996) . Changes caused by dredging at Dromana and Portarlington were similar to those at St. Leonards despite the much higher intensity of dredging at Portarlington. However, few changes in abundance measured at Dromana and Portarlington were significant because sam pling was inadequate to detect changes comparable with those observed at St. Leonards (power of test, Table 7 ). Kai ser and Spencer (1996) found that trawling reduced infauna by up to 58% but that effects were undetectable in more mo bile sediments. The BACI design used at St. Leonards (Cur rie and Parry 1996) provides a robust measure of fishing impacts on infauna. The absence of spatial control plots at Dromana and Portarlington in this study and of before/after temporal controls in Kaiser and Spencer's (1996) studies means that unmeasured temporal or spatial variation may have influenced the results of these studies.
Infaunal communities on our study plots were similar to the "intermediate sediment" community found in the main scallop grounds in Port Phillip Bay (Fig. 1b; Currie and Parry 1999) . Scallop dredging also occurred on other infaunal communities in coarser and finer sediments. Dredging impacts are only likely to be greater than measured on our plots in the finer sediments in the centre of the bay. These sediments are seldom disturbed by natural storms (De Groot 1984; Theil and Schriever 1990; Jones 1992; Kaiser and Spencer 1996) , and their infaunal communities may be more sensitive to the short-lived but very large increases in sedi Note: At St. Leonards, percentage change is that during 3.5 months following dredging (Currie and Parry 1996) . Data are shown only for species with densities >2.0/0.1 m 2 . *p < 0.1, **p < 0.05. mentation rates that occur behind scallop dredges (Black and Parry 1994) . Adequate data on the abundance of epifauna in Port Phillip Bay before dredging commenced do not exist. Anecdotal in formation suggests that dredging may have levelled lowrelief inshore reefs on the east of the bay and severely dam aged some seagrass communities on the west of the bay be fore dredging in these shallow regions was prohibited in 1985. But in the main scallop grounds, where epibiota other than scallops is uncommon, changes to infauna are small enough to be difficult to detect without a large and expen sive sampling program. Results of this study and Currie and Parry (1996) are consistent with an emerging generalisation that the effects of fishing gear dragged along the seafloor de pend largely on the amount of epibiota in the area being trawled or dredged. Impacts are large where epifauna and epiflora (e.g., bryozoans, tube-building polychaetes, sponges, and seagrass) form a habitat that is itself vulnerable to fish ing gear because it is fragile, inflexible, easily uprooted, or large enough to be retained by the gear (Bradstock and Gordon 1983; Peterson et al. 1987; Sainsbury 1988; Collie et al. 1997) . The extent of impacts will also depend on the frequency of disturbance and the recovery rate of the biota (Van Dolah et al. 1987; Hall 1994) .
Changes to infauna caused by scallop dredging are smaller than the cumulative changes to community structure of infauna in Port Phillip Bay over the past 20 years (Currie and Parry 1999) . The contribution of 30 years of scallop dredg ing to these ecological changes is unclear. Like many bays with urbanised catchments, there are many possible causes of long-term change. Over 20 years, there has been an in crease in nutrient loads, increasing algal blooms (Parry et al. 1989) , the introduction of several new exotic species (Currie and Parry 1999) , decreased discharge of most toxicants Phillips et al. 1992 ) but an increase in tributyl tin (Foale 1993) , and increasing fishing pressure (Hobday et al. 1999 ). In addition, natural temporal changes in commu nity structure may be contributing, although they remain un measured.
Scallop dredging may be the main cause of the marked decrease in size and longevity of scallops in Port Phillip Bay over this same period. Few scallops now live beyond 3 years or 75 mm, when they once lived to an age of 7 years and the minimum legal size during the early years of the fishery was 80 mm (Gwyther and McShane 1988) . Scallops of this size have not been seen for many years, even in lightly fished ar eas, suggesting that factors other than fishing mortality may be important. A large bloom of the toxic diatom Rhizo solenia chunii caused widespread mortality in 1988 (Parry et al. 1989) , resulting in the closure of the fishery in 1989 . Blooms of Rhizosolenia chunii have been recorded in 1975 , 1987 (Parry et al. 1989 , and 1997 , and their frequency appears to be increasing. In 1992 and 1993, very large recruitments (1+ age class) made only minor contributions to increased fishing yields, as mortality rates were very high and many died while the fishery was closed over summer (N. Cole man, Marine and Freshwater Resources Institute, Queenscliff, personal communication). It is also of concern that there have been no commercial quantities of scallops in cen tral Port Phillip Bay since the virgin stock was eliminated in the 1960's. However, the failure of scallop populations to reestablish in the centre of the bay may be unrelated to dredging. Since the 1970's the European bivalve Corbula gibba has been introduced into Port Phillip Bay where it now occurs in densities of 1000/m 2 at St. Leonards (= Corbula cf. coxi, Currie and Parry 1996) , and competition for food between scallops and Corbula gibba is likely, par ticularly in muddier regions in the centre of the bay where Corbula gibba is abundant .
Most community concern with scallop dredging and other potential impacts is with their possible long-term effects. The recent, and apparently permanent, closure of the scallop fishery in Port Phillip Bay provides an opportunity to deter mine more confidently the contribution of scallop dredging to long-term changes. Studies are now in progress to moni tor the recovery of Port Phillip Bay, but as dredging is only one of many potential impacts causing ecological changes on time scales of decades, it is important that dredging im pacts are maintained in small areas within the "recovering" community so that the role of dredging itself can be identi fied. Ironically, two of the species most impacted by scallop dredging are recently introduced species, the bivalve Corbula gibba (Currie and Parry 1996) and the large epifaunal sabellid polychaete Sabella spallanzanii (G.D. Parry, personal obser vations), and cessation of dredging may increase their eco logical effects.
